Can a Single High-energy Neutrino from Gamma-ray Bursts be a Discovery? by Bartos, Imre & Marka, Szabolcs
Can a Single High-energy Neutrino from Gamma-ray Bursts be a Discovery?
Imre Bartos1, ∗ and Szabolcs Ma´rka1
1Department of Physics, Columbia University, New York, NY 10027, USA
Current emission models of GeV-PeV neutrinos from gamma-ray bursts (GRBs) predict a neu-
trino flux with  1 detected neutrinos per GRB with kilometer-scale neutrino observatories. The
detection of this flux will require the stacking of data from a large number of GRBs, leading to an
increased background rate, decreasing the significance of a single neutrino detection. We show that
utilizing the temporal correlation between the expected gamma-ray and neutrino fluxes, one can
significantly improve the neutrino signal-to-noise ratio. We describe how this temporal correlation
can be used. Using realistic GRB and atmospheric neutrino fluxes and incorporating temporal,
spectral and directional information, we estimate the probability of a single detected GRB-neutrino
being a 5σ discovery.
I. INTRODUCTION
The emission mechanism that produces gamma-ray
bursts (GRBs) is not yet well understood [1]. High-
energy (GeV-PeV) neutrinos may also be produced in
GRBs, and their detection would help reveal the emis-
sion processes in relativistic GRB jets [2–5]. Addition-
ally, high-energy neutrino observations probe the contri-
bution of GRBs to the observed cosmic ray flux [4], and
are used in multimessenger searches with, e.g., gravita-
tional waves [6, 7].
The search for neutrinos from GRBs is one of the pri-
mary goals of existing and planned high-energy neutrino
observatories. The most sensitive, recent GRB-neutrino
analyses, carried out using the IceCube detector [8], al-
ready provide meaningful constraints on the neutrino
emission [3, 4]. Nevertheless, there has been no confirmed
detection of GRB-neutrinos so far.
Given the small predicted flux, the focus of GRB-
neutrino searches has been to maximize the number of
detectable neutrinos, by stacking data for a large num-
ber of GRBs and by considering an extended time win-
dow around GRBs in which neutrinos are looked for.
In the latest IceCube analysis [4], the search time win-
dow included the interval between the earliest and lat-
est reported gamma-ray emission. Additionally, a model-
independent analysis was carried out for neutrinos within
±1 day around each GRB.
The most recent flux estimates for GRBs predict a
relatively low number of detected neutrinos compared
to earlier calculations [2, 9]. Considering the standard
fireball-internal shock model, Hu¨mmer et al. [10] ob-
tains the expected TeV-PeV neutrino flux from observed
GRB properties by numerically modeling the emission
process, allowing for a detailed microphysical analysis.
They find that constraining the GRB emission parame-
ters will require an extended, multi-year observation with
IceCube. An alternative GRB emission scenario with sig-
nificant neutrino production is sub-photospheric dissipa-
tion of relativistic GRB jets by the proton-neutron col-
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lisions [11]. This model, which robustly reproduces the
observed GRB photon spectrum, also predicts the emis-
sion of ∼GeV neutrinos [12] that could be detectable by
IceCube and its low-energy extension DeepCore [13] over
a period of a few years [5]. With these GRB-neutrino
rate estimates, the extended searches required for detec-
tion will also have a significant contribution from atmo-
spheric background neutrinos. Therefore, it can be crit-
ical to use all available information about the emission
process to better identify astrophysical neutrinos by im-
proving the signal to noise ratio (see, e.g., [14, 15] for
improved stacking methods).
Both gamma-rays and neutrinos are expected to be
produced in relativistic outflows (jets) with typical
Lorentz factor Γ & 100. Due to this relativistic ex-
pansion and their closely connected production mecha-
nism, gamma-ray and high-energy neutrino fluxes will
be temporally correlated in the observer frame. For in-
stance, internal shocks in relativistic outflows can ac-
celerate both protons and electrons. These protons
lose some of their energy to pion production, emitting
high-energy neutrinos, while the electrons can produce
the observed gamma-ray emission due to synchrotron
or inverse-Compton radiation [2]. In this model, the
emission of neutrinos and gamma-rays will be both syn-
chronous with the internal shock in the observer frame.
The temporal correlation also applies for cases in which
the emission region is different, e.g., for photospheric
gamma-ray emission, as long as the jet front is also rel-
ativistic. In this case, energy dissipation in the jet be-
low the photosphere produces both neutrinos and an e±
plasma, and the latter radiates its energy in gamma rays
after reaching the photosphere. Since the dissipation re-
gion advances relativistically, there will be essentially no
delay between the produced neutrinos and gamma-rays
in the observer frame.
We note that mildly relativistic jets, or jets that are
still beneath a stellar envelope, may produce high-energy
neutrinos that precede the observable gamma-ray emis-
sion (e.g., [16–19]). Another exception is temporally ex-
tended ∼GeV gamma-ray emission, which can be con-
nected to PeV neutrino emission to which IceCube
is less sensitive for sources towards the Northern hemi-
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FIG. 1. Schematic diagram of the observed gamma-ray flux
(top) and the expected neutrino flux (bottom) from a GRB.
The presented method assumes that the rate of detected neu-
trinos (nν) is expected to be proportional to the gamma-ray
flux (Fγ). Accounting for this proportionality can signifi-
cantly decrease the false detection rate of background neu-
trinos.
sphere [20]. While these are also promising sources
of neutrinos, in the following we focus on the ∼MeV
gamma-ray emission from luminous GRBs for which
there is no appreciable delay. This lack of delay enables
the use temporal correlation without information on the
source structure or its redshift.
In this paper, we examine whether even a single de-
tected GRB-neutrino could be a discovery. Such a single
neutrino would allow for the earliest possible detection,
without the need to wait for the accumulation of multiple
signal neutrinos. We make use of the temporal correla-
tion expected between gamma-ray and neutrino emission
in GRBs to show that even one astrophysical neutrino
can be highly significant.
II. SIGNIFICANCE OF
GAMMA-RAY-NEUTRINO TEMPORAL
CORRELATION
GRB neutrinos are more likely to be detected when
the gamma-ray flux is higher. Below we utilize this cor-
relation to associate an increased significance with astro-
physical neutrinos by reducing the false alarm rate.
In general, the expected rate of detected neutrinos, n˙ν ,
can depend on the gamma-ray flux Fγ as well as other
properties of the GRB, e.g., the photon power spectrum
and redshift. In the following, we assume n˙ν ∝ Fγ .
To justify the use of this proportionality, we consider
the neutrino emission estimates of Hu¨mmer et al. [10],
who calculated the neutrino fluence and spectrum for
117 GRBs that were used for a GRB-neutrino search
with partially completed IceCube (40-strings; [3]), cover-
ing a 1-year observation period and GRBs in the North-
ern hemisphere. To calculate the expected number nν
of (muon) neutrinos detected by IceCube, we take the
effective area of the full IceCube detector (for muon neu-
trinos arriving from a declination > 60◦; [21], which is
more conservative than using a direction dependent ef-
fective area). We find that the obtained nν values for
the 117 GRBs can indeed be characterized by the GRB
fluences Sγ , following the proportionality
nν ≈ 10−2
(
Sγ
10−4 erg cm−2
)
(1)
with coefficient of determination R2 = 0.65. This shows
that Sγ is a good predictor of nν . For an actual GRB-
neutrino search, one can adopt the calculated nν for each
GRB in the analysis, which can further increase the ad-
vantage of assigning neutrino significance based on the
measured GRB flux.
With n˙ν ∝ Fγ , a natural choice of the neutrino test
statistic is Fγ(tν)/n˙bg(Ων), where Fγ(tν) is the observed
GRB flux at the time tν of the detected neutrino, Ων
is the reconstructed direction of the neutrino, and n˙bg
is the direction dependent atmospheric background neu-
trino detection rate. In the following, for simplicity, we
neglect the directional dependence of n˙bg, and consider
Fγ(tν) as the neutrino test statistic (see, e.g., [22] for
the weak directional dependence of the background rate).
Adopting this test statistic, one can calculate the p-value
of an observed neutrino. Consider a set of GRBs that are
the subject of the analysis. For each GRB, one can iden-
tify a time interval within which neutrinos are searched
for, e.g., T90, during which 90% of the gamma-ray fluence
is observed. Let T be the total observation duration for
all GRBs combined. The p-value of an observed neutrino
that is temporally coincident with Fγ(tν) gamma ray flux
can then be defined as
pν =
1
T
∫ ∞
Fγ(tν)
∂T (F ′γ)
∂F ′γ
dF ′γ , (2)
where (∂T (Fγ)/∂Fγ)dFγ is the duration during which
the observed gamma-ray flux was within [Fγ , Fγ + dFγ ]
for all GRBs considered.
III. SENSITIVITY
The above test statistic can be used to filter out back-
ground neutrinos by requiring a low false alarm rate
(FAR) for the search using a threshold flux Fminγ . To
assess the sensitivity of the test statistic, here we quan-
tify the false dismissal rate (FDR) as a function of Fminγ .
First, let us consider the simple case in which Fγ is pre-
cisely known for all GRBs, i.e. if background fluctuations
were negligible. In this case, the FDR corresponding to
Fminγ is simply related to the total gamma-ray fluence
integrated over fluxes below Fminγ :
FDR[Fminγ ] =
FDR0
Stotal
∫ Fminγ
F0
∂T (F ′γ)
∂F ′γ
F ′γdF
′
γ , (3)
3where FDR0 is the maximum rate of false dis-
missal (i.e. if all neutrinos were dismissed),
Stotal =
∫∞
F0
∂T (F ′γ)/∂F
′
γF
′
γdF
′
γ is the total fluence of
the GRBs in the analysis, and for the no-fluctuation case
the minimum considered fluence can be chosen as F0 = 0.
The presence of noise, however, complicates this esti-
mate. Let the measured flux be Fγ = Fgrb+εγ , with Fgrb
being the real GRB flux and εγ the random background
flux drawn from a normal distribution with 0 mean and
σγ standard deviation. The background can be estimated
from the observed flux before and after each GRB, there-
fore we assume that the mean of the noise is 0, and the
standard deviation is known during the bursts.
Consider now the background-only case with Fgrb = 0.
The average measured flux in this case will be 〈Fγ〉bg < 0,
since we exclude the highest values from the average
above the threshold Fminγ . To ensure that the back-
ground fluence estimate will be 0, we can modify the
sub-threshold fluence estimate in Eq. (3) by taking F0 =
−Fminγ . We can calculate this new fluence estimate as a
function of the (unknown) GRB flux:
F estimateγ =
1
P0
√
2piσγ
∫ Fminγ
−Fminγ
e
− (F
′
γ−Fgrb)2
2σ2γ F ′γdF
′
γ , (4)
with
P0 =
1√
2piσγ
∫ Fminγ
−Fminγ
e
− (F
′
γ−Fgrb)2
2σ2γ dF ′γ (5)
, is accurate for the background, but it still underesti-
mates the GRB flux; one can see that F estimateγ < Fgrb.
This bias, nevertheless, is only significant for threshold
values that are comparable to the background fluctua-
tions, and our estimate will be correct for greater thresh-
olds (see below).
IV. RESULTS
To determine the connection between FDR and FAR,
we use the light curves of the 583 GRBs detected by
Swift-BAT prior to December 2013 [23]. We use their
light curves during the time periods identified by the de-
tector to be within the GRBs’ T90. We estimate the
GRBs fluence by integrating their flux, which is an un-
derestimate of their actual flux given the limited sensi-
tive energy band of Swift-BAT (15 keV≤E≤ 350 keV).
We bin the data within 5-s intervals (see below). For
simplicity, we use a uniform background uncertainty εγ
over the whole data set. A detailed GRB-neutrino search
can use different uncertainties for each burst.
For a given FAR, it is straightforward to determine the
corresponding gamma-flux threshold Fminγ using Eq. (2),
since FAR=FAR(Fminγ ) = pν(F
min
γ )/T . This threshold in
turn is used to estimate the FDR using Eq. (3). In Fig. 2
we show the obtained FDR as a function of FAR, both
normalized to the total number of signal and background
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FIG. 2. Lower panel: False dismissal rate of high-energy
neutrinos from GRBs due to requiring the contemporaneous
gamma-ray flux to exceed a threshold, as a function of the
false alarm rate corresponding to the same threshold (solid
line). FDR and FAR are both normalized by the total GRB
and background neutrino rates, respectively. An FDR upper
limit is also shown (dashed line) based on assuming a flat
gamma-ray flux distribution as a function of time (see text).
Upper panel: Gamma-ray flux threshold as a function of the
corresponding false alarm rate.
neutrinos, respectively, within the considered GRB time
window. For comparison, we also show the dependence
of Fminγ on FAR. One can see that, as expected, FAR
decreases much faster than FDR, i.e. one can signifi-
cantly improve the significance of detected astrophysical
neutrinos with relatively little loss.
To determine the precision of the FDR estimate, we
find a conservative upper limit on FDR by considering
a uniform GRB flux distribution between Fgrb = 0 and
Fgrb  σγ . This uniform distribution gives an overesti-
mate of the FDR compared to any realistic GRB flux
distribution that is a decreasing function of the flux.
To see that this is indeed an upper limit, consider a
data point with Fgrb flux from the GRB. The proba-
bility of this data point falling within ±Fminγ is P0 (de-
fined above). The average contribution of this data point
to the FDR is ∝ P0F estimateγ , and the discrepancy be-
tween the actual and identified falsely dismissed fluxes is
≈ P0 (Fgrb−F estimateγ ). This contribution increases from
F0 = 0 up to F0 = 2σγ , and then decreases afterwards.
Consequently, among GRB flux distributions that do not
increase with Fgrb, the largest discrepancy is obtained
for uniformly distributed fluxes. Fig. 2 shows this up-
per limit for FDR by taking the measured F estimateγ and
accounting for the potential underestimation assuming
uniform flux distribution. As expected the discrepancy
will be small for Fminγ & 2σγ ≈ 2 × 10−8 erg cm−2 s−1
for FAR/FAR0. 0.25, making Eq. (4) accurate for this
range.
4V. CHANCE FOR DISCOVERY
We now examine whether a single GRB-neutrino can
be a 5σ discovery if we use all available information
to filter out the background. We implement a Monte
Carlo simulation to obtain the rate and significance dis-
tribution of astrophysical neutrinos. We use an un-
binned likelihood ratio search that can be used for GRB-
neutrino searches, incorporating temporal correlation be-
yond spectral and directional information. The steps of
the analysis are the following:
(i): For a neutrino detected at time tν , assign a tem-
poral signal probability density function (PDF) that is
proportional to the observed gamma-ray flux: Ps(tν) ∝
Fγ(tν). The temporal background PDF is uniform.
(ii): Assign signal and background PDFs based on the
neutrino energy and direction similar to GRB-neutrino
analyses that use more general temporal emission mod-
els (e.g., [3, 4]).
(iii): Assign a likelihood ratio L(tν , εν ,−→x ν) to the neu-
trino in which the signal and background likelihoods
are the products of three independent PDFs based on
the neutrino’s time of arrival tν , reconstructed energy
εν and direction
−→x ν .
(iv): The significance of the neutrino, in comparison to
a simulated background distribution, will be accurate
for gamma-ray fluxes Fγ & 2σγ .
For the astrophysical neutrino energy distribution and
detection rate from pγ interactions in internal shocks,
we adopt the energy distribution obtained by Hu¨mmer
et al. (Fig. 3 of [10], flux for all GRBs). For the en-
ergy distribution of detected neutrinos, we cross-correlate
this distribution with the effective area of IceCube (see
above). To obtain the rate of detected astrophysical neu-
trinos, we normalize the energy distribution using Eq. (1).
For background neutrinos, we adopt the energy spectrum
by Abbasi et al. [24]. We estimate the rate of background
neutrinos using the effective area of IceCube. We only
consider background neutrinos with energy εν ≥ 20 TeV,
i.e. the lowest considered signal neutrino energy [10].
To take into account the angular difference, we adopt
a characteristic directional uncertainty of σν = 1
◦ for
neutrinos, and σgrb = 0
◦ as well as 0◦ for GRBs. We
consider a normal distribution for the angular difference
with zero mean and (σ2ν + σ
2
grb)
1/2 standard deviation
(see, e.g., [3]). We assume a uniform background direc-
tional distribution over the Northern hemisphere.
The PDF for the temporally coincident gamma-ray
flux are considered as a function of FAR. The signal PDF
is taken to be ∝ dFDR/dFAR from Fig. 2, while the back-
ground PDF is a uniform function of FAR.
Assuming that the 117 GRBs considered in Ref. [3]
is a representative sample of detected GRBs over a 1-
year period over half the sky, using the duration (T90)
of these GRBs, the expected total number of background
neutrinos (εν ≥ 20 TeV) that are temporally coincident
with GRBs is ∼ 0.06 / year (for εν ≥ 0.1 TeV it is ∼
9 / year). For the expected number of signal neutrinos
we get ∼ 0.14. With this background rate, we find that
a single detected GRB-neutrino from pγ interactions will
be a 5σ discovery with 50% (30%) probability for σgrb =
0◦ (3◦).
We also calculate the expected probability of discovery
for neutrinos emitted by the pn collisional heating of the
jet [11] using IceCube-DeepCore. We expand the analysis
of Bartos et al. [5]. Here, we omit the use of the neutrino
energy due to its strong dependence on the varying GRB
Lorentz factor. With an all-sky detected neutrino back-
ground rate of ∼ 3×10−4 s−1 [5], the expected number of
temporally coincident background neutrinos with GRBs
will be ∼ 1 yr−1. For the case of collisional heating, a
single GRB-neutrino is unlikely (< 1%) to be a 5σ dis-
covery, while it can be a 3σ evidence with ∼ 20% proba-
bility. Discovery will require multiple detected neutrinos,
with the discovery potential (50% chance to 5σ discov-
ery) being an average of ∼ 5 detected GRB-neutrinos.
VI. CONCLUSION
We quantified the advantage of a GRB-neutrino search
that takes into account a strong temporal correlation
between the observed gamma-ray and high-energy neu-
trino fluxes in GRBs. We find that utilizing this correla-
tion can significantly reduce the FAR of a GRB-neutrino
search with a modest increase in FDR. A 10−1, 10−2 and
10−3 reduction of the FAR requires 30%, 70% and 93%
FDR, respectively. With the the most recent high-energy
neutrino emission models predicting a relatively low rate
of astrophysical neutrinos at which the background level
becomes important, such a FAR reduction can be critical
for claiming detection.
We provided a detailed prescription on how the
gamma-neutrino temporal correlation can be utilized in
a neutrino search for noisy GRB light curves. We esti-
mated the fraction of detected GRB neutrinos that can
be 5σ discoveries even if only a single astrophysical neu-
trino is observed. For the case of pγ interactions in col-
lisionless shocks, we find up to 50% probability of be-
ing a discovery. For the case of ∼ GeV neutrinos from
sub-photospheric collisional pn heating, the higher pa-
rameter uncertainties mean that multiple neutrinos will
be required for discovery. We find that, on average, ∼ 5
neutrinos will be 5σ discovery with 50% probability.
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